This paper deals with recent progress in stabilized supercooled liquid and the resulting bulk glassy alloys and focusing on the following factors; alloy composition, forming ability, formation mechanism, computed glass-forming ability, computed glass formation range, atomic configuration, production techniques, mechanical properties, corrosion resistance, soft magnetic properties, micro-forming ability, applications, significance to science and engineering, and future trends for bulk glassy alloys including supercooled liquid. As demonstrated in this review, the high stability of metallic supercooled liquid has already opened up new fields of investigation in basic science and yielded new engineering applications. There is every reason to expect that their importance will continue to increase.
Introduction
For thousands of years, metallic alloys have been among the most important materials used by mankind, and their importance as engineering materials remains as great now as ever. Without exception, all bulk metallic alloys used to date consist of crystalline materials with three-dimensional periodic atomic configurations. The instability of the liquid phase of metallic alloys below melting temperature had been thought to be a universal phenomenon, making the formation of a crystalline phase of the bulk metallic alloy unavoidable. In order to prevent transition from a liquid to a crystalline phase, extremely high cooling rates of the order 10 6 K/s are required and the alloys exhibiting critical cooling rates of 10 5 to 10 7 K/s are known as amorphous/glass forming alloys. 1, 2) As a result of the requirement for rapid cooling, amorphous alloys have usually been produced in a thin sheet form with thicknesses below 0.05 mm. The conventionally accepted concept that the supercooled liquid phase of metallic alloys is always unstable has been broken through by the recent successes in forming bulk glassy alloys in a number of transition metal-based alloy systems using the copper mold casting technique. [3] [4] [5] In recent years, studies of the stabilization of metallic supercooled liquid and the resulting bulk glassy alloys have been significant not only for fundamental science but for engineering applications as well. In this paper we review our recent results on the formation and properties of bulk glassy alloys. Figure 1 summarizes the critical cooling rate (R c ), maximum sample thickness (t max ) and reduced glass transition temperature (T g /T m ) relationship for bulk glassy alloys developed over the last decade, together with the previous data on ordinary amorphous alloys in Fe-, Co-and Ni-based systems and Pd-and Pt-based glassy alloys. 4) It is well known that Fe-, Co-and Ni-based amorphous alloys found before 1988 require high cooling rates above 10 5 K/s for the formation of an amorphous phase and the resulting sample thick- Fig. 1 Critical cooling rate (R c ), maximum sample thickness (t max ) and reduced glass transition temperature (T g /T m ) relationship for bulk glassy alloys developed over the last decade, together with the previous data on ordinary amorphous alloys in Fe-, Co-and Ni-based systems and Pd-and Pt-based glassy alloys. 4) ness is limited to less than about 0.05 mm. 2) As an exceptional this, it is known that Pd-Ni-P and Pt-Ni-P alloys have low critical cooling rates in the order of 10 3 K/s and bulk glassy alloys are formed in a diameter range up to 2 mm by water quenching. 1) Recently, new multi-component glassy alloys with much lower critical cooling rates for glass formation were found in Ln-, 6) Mg-, 7) Zr-, 8, 9) Ti-, 10) Fe-, 11) Pd- 12) and Cu- 13) based systems. At present, the lowest critical cooling rate is as low as 0.06 K/s 14) and the largest sample thickness is expected to be as large as about 150 mm, though the largest experimental diameter achieved so far is 80 mm. 15) Additionally, one can see that these new bulk glassy alloys have high T g /T m above 0.7 and the highest T g /T m value reaches 0.74. 12) By choosing these new alloy compositions, one can produce rather easily bulk glassy alloys by various simple processes such as water quenching, arc-melt casting and conventional copper mold casting.
Bulk Glassy Alloy Systems
3) It has previously been demonstrated that one can obtain a cylindrical rod of 16 mm in diameter and 600 mm in length with a Zr-Al-Ni-Cu system and a cylindrical ingot of 75 mm in diameter and 85 mm in length with a Pd-Cu-Ni-P system. 5) Table 1 summarizes typical bulk glassy alloy systems reported to date together with the calendar years when the first paper and/or patent for each alloy system was published.
The glassy alloy systems can be divided into nonferrous and ferrous types. Among the nonferrous alloy systems with a maximum diameter above 5 mm, one can list Mg-Ln-(Ni, Cu), 16) Ln-Al-(Ni, Cu), 17) ZrAl-(Ni, Cu), 18) Zr-Al-(Ni, Cu) containing Ti, Nb, Ta or Pd, 19) Zr-Ti-Be-Ni-Cu, 9) Pd-Cu-Ni-P, 12) Pd-Cu-Fe-P, 20) Ti-Ni-Cu-Sn, 21) Cu-Zr-Ti-Y 22) and Cu-Zr-Ti-Be 23) systems. On the other hand, Fe-and Co-based alloy systems with a maximum diameter above 2 mm are mainly composed of Fe-(Al, Ga)-(P, C, B), 11) Fe-(Al, Ga)-(P, C, B) containing Cr, Mo or Nb, 24) Fe-Ga-(P, C, B), 25) Fe-Ga-(P, C, B)-(Cr, Mo), 26) Fe-(Zr, Hf, Nb)-B, 27) Fe-Co-Ln-B, 28) Fe-(Nb, Cr, Mo)-(P, C, B), 29) Co-Fe-(Zr, Hf, Nb)-B 30) and Co-Ta-B 31) systems. It is apparent that the bulk glassy alloys were developed in the sequence beginning with the nonferrous systems, and followed by the Fe-and Co-based alloy systems. 32) Furthermore, it can be seen that the Cu-based Table 1 Typical bulk glassy alloy systems reported to date together with the calendar years when the first paper or patent of each alloy system was published. bulk glassy alloys defined by Cu contents above 50 at% were the most recently developed, 13, 22, 23) though other bulk glassy alloys contain Cu as a main solute element. 33, 34) When we examine in more detail the features of the alloy components of these bulk glassy alloy systems, the alloy components can be divided into five groups as summarized in Fig. 2 . Here ETM and LTM represent the transition metals belonging to the group numbers I to IV and VIII, respectively. The first group consists of ETM-Al-LTM as exemplified by Zr-Al-(Ni, Cu) and Ln-Al-(Ni, Cu). The second group is composed of LTM(Fe), ETM(Zr or Hf) and B and the third group is exemplified by Fe-(Al, Ga)-(P, C, B). The fourth group consists of Mg-Ln-(Ni, Cu) and ETM(Zr, Ti)-Be-(Ni, Cu). It is important to point out that all the alloys belonging to groups I to IV consist of at least three different types of elements with significantly different atomic size mismatches above 12% and negative heats of mixing. The nonequivalent symbols in Fig. 2 represent the difference in the atomic sizes of the constituent elements. Figure 3 summarizes the features of alloy components for stabilization of supercooled liquid and high glass-forming ability of metallic alloys. Accordingly, the newly developed bulk glassy alloys satisfy simultaneously the following three empirical component rules, [3] [4] [5] viz., (1) multicomponent consisting of more than three elements, (2) significantly different atomic size mismatches exceeding 12% among the main three constituent elements, and (3) negative heats of mixing among their main elements. In addition, from detailed structural analyses, it has been reported [3] [4] [5] that the bulk glassy alloys that conform to the three component rules have a new type of glassy structure with a higher degree of dense random packed atomic configurations, new local atomic configurations and long-range homogeneity with attractive interactions.
When the glassy structure was examined in more detail, it became clear that the atomic configurations differ among the metal-metal type alloys, the metal-metalloid type alloys and the Pd-metalloid type alloys, as illustrated in Fig. 4 . For instance, in the metal-metal type glassy alloys, one can see very frequently a unique contrast which is similar to the transverse cross section of an onion as seen in the high resolution TEM image shown in Fig. 5 .
35) The onion-like contrast has been explained by computer analysis under the assumption that icosahedral clusters exist in the glassy phase.
36) It has further been confirmed that the density and size of the onion-like contrast regions increase with increasing annealing temperature and/or time. 35) When the diameter of the onion-like contrast region is over 12 nm, it becomes very difficult to discern the reflection spots taken from region A in Fig. 5(b) . These reflection spots can be identified as an icosahedral phase whose structure is shown in Fig. 6 . These high-resolution TEM images reveal that the glassy structure is composed of icosahedral clusters. Furthermore, the critical size for a transition from icosahedral cluster to icosahedral phase appears to lie around 8 nm.
We also examined the primary crystalline phase which precipitated from the supercooled liquid region for the bulk glassy Zr-based alloys with optimum alloy compositions. Although the bulk glassy alloys in the Zr-Al-Ni-Cu system with a large supercooled liquid region above 80 K were obtained in wide composition ranges, the primary precipitation phase was identified as an fcc-Zr 2 Ni phase with a large lat- tice parameter of 1.12 nm. 37) This phase is referred to as the "big-cube" phase and is in a metastable state.
38) The unit volume of the big-cube phase consists of 96 atoms and includes slightly distorted icosahedral clusters. The existence of the distorted icosahedral clusters in the primary crystalline phase also indicates the importance of the icosahedral clusters as the fundamental basic unit. This concept is also supported by experimental data from several sources in which the icosahedral phase appears as the primary precipitation phase in Zrbased glassy alloys containing low levels of oxygen as an impurity 39, 40) and to which Ag, Pd, Au, Pt, Nb, Ta or V has been added intentionally. [41] [42] [43] [44] Here, it is important to point out that the existence of the icosahedral clusters as a main atomic configuration component is consistent with the characteristics of the new glassy structure in the present multi-component alloy systems, i.e., higher degree of dense random packing, new local atomic configurations and long-range homogeneity with attractive interactions.
We also examined the coordination numbers and atomic distances of each atomic pair in the metal-metalloid type FeNb-B 45) and Fe-Ln-B (Ln = lanthanide metal) 46) glassy alloys by anomalous X-ray scattering and ordinary X-ray diffraction methods. Based on the data generated by structural analyses, local atomic configuration models of the Fe-based glassy alloys are shown in Fig. 7 . The feature of this type of glassy alloys is the construction of a network atomic configurations consisting of trigonal prisms which are connected with each other through glue atoms comprising Zr, Nb, Ta or lanthanide metal. The Fe-based bulk glassy alloys are characterized in that the primary crystalline phase is a complex fcc-Fe 23 B 6 phase with a large lattice parameter of 1.1 nm and a unit volume consisting of 96 atoms and including icosahedral clusters. As examples, Fig. 8 shows the X-ray diffraction patterns of Fe 70 Nb 10 B 20 and Fe 60 Nb 10 B 30 glassy alloys that have been subjected to annealing so as to precipitate the primary crystalline phase, together with the data on an amorphous Fe 80 Nb 10 B 10 alloy. 45) The diffraction peaks are identified as the Fe 23 B 6 phase for the two glassy alloys and the precipitation phase is independent of B content in the range from 20 to 30 at%B, leading to the formation of the glassy phase. On the other hand, the amorphous Fe 80 Nb 10 B 10 alloy without glass transition before crystallization, has an α-Mn type primary crystalline phase. The characteristics of the primary crystalline phase are nearly identical to those of the Zr-based bulk glassy alloys. Thus we conclude that the main feature of the primary crystalline phase which precipitates from the supercooled liquid in the bulk glassy alloys is independent of the metal-metal and the metal-metalloid types. As is evident from the distinct difference in the atomic configurations between the glassy phase and the primary crystalline phase, the necessity of long-range atomic configurations to construct the primary crystalline phase with a large unit volume from the glassy structure causes retardation of the crystallization reac- Fig. 4 The details of the unique glassy structure and of the atomic configurations which are different among the metal-metal type alloys, the metal-metalloid type alloys and the Pd-metalloid. tion. As described later, this mechanism is concluded to be one of the reasons for the stability of supercooled liquid and the formation of bulk glassy alloys.
It was pointed out that the above-described characteristics of the atomic configurations implied the formation of a new glassy structure with a higher degree of dense random packing. This conjecture is supported by density data 47) obtained using Archimedian method. Table 2 summarizes the densities of typical bulk glassy alloys in as-cast, fully relaxed and crystallized states, together with the difference in densities between the as-cast and annealed states. The difference in the densities is as small as 0.30 to 0.54% which is much smaller than that (about 2%) for ordinary amorphous alloys which require high cooling rates in the order 10 6 K/s for the formation of an amorphous phase. The much smaller difference in den-1896 A. Inoue and A. Takeuchi   Table 2 Densities in as-cast (ρ a ), fully-relaxed (ρ r,a ) and crystallized (ρ c ) states for typical bulk glassy alloys and the change in density (∆ρ) by crystallization of their glassy alloys. sities indicates clearly that the cast bulk glassy alloys have a higher degree of dense random packed atomic configurations, which is consistent with the above-described results. The smaller difference in the densities also implies that the release of free volume generated by the transition from the supercooled liquid to crystalline phase in the vicinity of the liquid/crystal interface is smaller than that for the ordinary amorphous phase with much larger difference in densities. 48) This leads to the reduction of the interface diffusion of the constituent elements that is thought to be one of the dominant factors promoting crystallization. Based on the above-described results and discussion, the mechanism for the stabilization of supercooled metallic liquid and the formation of bulk glassy alloys is summarized Table 3 The mechanisms for the reduced instability of metallic supercooled liquid and the formation of bulk glassy alloys of the Mg-, Ln-, Ti-, Zr-and Hf-based alloys.
in Table 3 . [3] [4] [5] The alloys conforming to the three component rules can have unique atomic configurations which are significantly different from those for ordinary amorphous alloys. The unique glassy structure can have high liquid/solid interfacial energy, low atomic diffusivity and require longrange atomic rearrangements for crystallization to proceed, thus producing high stability of supercooled liquid that allow us to form bulk glassy alloys.
Stability of Supercooled Liquid
By choosing the above-described multi-component alloys, we can maintain the supercooled liquid state for extended periods reaching several thousandths of a second which are 6 to 8 orders longer than those for conventional crystalline alloys and ordinary amorphous alloys, as illustrated in Fig. 9 . 49 ) As a result, we are able to perform a series of studies on the origins of thermal stability, the structure and properties of the supercooled liquid itself as well as the influence of cleaning and doping on the thermal stability of the supercooled liquid. In addition, we can examine the phase transformation and solidification behavior from the supercooled liquid to glassy or crystalline phase as well as the structure, properties and forming behavior of the resulting bulk glassy alloys. As an example, the experimental results on the stability of the supercooled liquid in the Pd 40 Cu 30 Ni 10 P 20 glassy alloy are shown in Fig. 10 . 50) It can be seen that the a supercooled liquid subjected to high purity treatment with B 2 O 3 flux could be maintained for a long period of several thousandths of a second even at the nose temperature in the continuous cooling transformation (CCT) curves. It was also found that the incubation time for crystallization at the nose temperature is still 1.5 orders shorter than the homogeneous nucleation state. Achieving the ultimately stabilized supercooled liquid state without heterogeneous nucleation is a challenge that still waits to be overcome. By using the Pd 40 Cu 30 Ni 10 P 20 alloy that has high stability in the supercooled liquid state, the apparent specific heat of the supercooled liquid can be measured over the whole temperature range. 51) Based on the experimental data, we can determine quantitatively the temperature dependence of enthalpy, entropy and Gibbs free energy for the liquid/crystal transition. The results thus obtained are shown in Fig. 11 . As seen in the figure, the Kaufman's temperature is also determined as part of the experimental data. The extremely high stability of the supercooled liquid against crystallization is due to the low free energy for the liquid/crystal transformation.
Estimation Methods for Glass-forming Ability and Glass Formation Range
It was shown that the stabilization of supercooled metallic liquid and the high glass-forming ability of alloys could be obtained provided the following three factors were met simul- taneously, viz, (1) multi-component alloy system consisting of more than three elements, (2) significant atomic size mismatches above 12%, and (3) suitable negative heats of mixing. Based on these three component parameters, we have proposed the following relation to estimate the critical cooling rate for glass formation of multi-component alloy systems.
52)
In this relation, the mismatch entropy (S σ ) in the framework of the hard sphere model was used for the parameter of atomic size mismatches among the three main constituent elements. In addition, the mixing enthalpy (∆H ) on the basis of the regular solution approximation was also used for the parameter of negative heats of mixing among their elements. Here, the S σ 53) and ∆H 54) are presented by the following relations; Takeuchi   Table 4 Critical cooling rate(R c ), Zk B T 2 m /(a 3 η) term, factors for the reduction of R c by enthalpy of mixing (∆H ), ideal configurational entropy (∆S ideal ) and mismatch term of entropy (S σ ) (Z ∆H , Z ∆S ideal and Z Sσ ) for metallic glasses. with the experimental data reported previously. The rough agreement also indicates the importance of the three empirical factors for estimation of glass-forming ability and the effectiveness of the newly proposed relation for estimation of R c . The disagreement for the Mg-Cu-Y alloy only is thought to result from the small mixing enthalpy values of Mg-Cu and Mg-Y atomic pairs which were estimated by Miedema et al. 55) For instance, the heat of mixing is −3 kJ/mol for Mg-Cu pair and −6 kJ/mol for Mg-Y pair. Considering that an amorphous phase is formed in their binary systems, the estimated heats of mixing are reasonably concluded to be smaller than the actual heats of mixing. The importance of the atomic size ratios and heats of mixing among the constituent elements for the formation of bulk glassy alloys is also supported from the statistical data on the mismatch entropy and mixing enthalpy of previous glassy alloy systems. Figure 12 summarizes the relation between the normalized mismatch entropy (S σ /k B ) and mixing enthalpy (∆H chem ) for glassy alloys reported to date.
56) The S σ and ∆H chem values of the glassy alloys lie in the vicinity of 0.1 and in the range from −10 to −40 kJ/mol, respectively, though a rather large scattering was observed. In particular, the scattering of the S σ /k B values is much smaller than that for the ∆H chem , indicating the importance of the atomic size mismatch ratios. In addition to the estimation of the critical cooling rates for glass formation in multi-component alloy systems, we have also tried to determine the composition range within which a glassy phase is formed in these systems by theoretical computation. 57) In the theoretical computation, the composition range is obtained by satisfying the following criterion: the total enthalpy including the contributions from elasticity, atomic size mismatches, and differing electro-negativities among the constituent elements, must be smaller for the glassy phase than for the crystalline supersaturated solid solution. As examples, the composition ranges of the glassy phase in Cu-Ni-M (M=Ti, Zr or Hf) ternary alloy systems obtained by the theoretical computation method are shown in Fig. 13 , 57) wherein the experimental data are also shown for comparison. Here, the dashed line regions represent the computed composition ranges and the open circles represent the composition of glassy alloys that have been produced experimentally. It is clear that the computed composition ranges agree rather well with the experimental data. This rather good agreement also indicates the importance of the above described three component factors for glass formation. The details of the theoretical calculation have been described in some original papers.
Preparation Methods and Maximum Diameters of Bulk Glassy Alloys
The stabilization of supercooled metallic liquid enables us to use various production methods for bulk glassy alloys. The methods can be divided into two types, i.e., solidification and consolidation. As the solidification method, one can list water quenching, low-pressure copper mold casting, high-pressure die casting, arc-melt casting, unidirectional melting, suction casting, squeeze casting, clamp-melt casting and centrifugal casting etc. [3] [4] [5] In addition, bulk glassy alloys always have a large supercooled liquid region ranging from 50 to 130 K before crystallization and hence some consolidation techniques such as hot pressing, warm extrusion and torsion straining in the supercooled liquid region are also useful for formation of bulk glassy alloys. Table 5 summarizes the maximum thickness and critical cooling rate for bulk glassy alloys. As seen in the table, the maximum thickness is about 10 mm 17) for Ln-based alloys, 12 mm 58) for Mg-based alloys, 30 mm 59) for Zr-based alloys, 5 to 6 mm 60) for Fe-based alloys, 75 mm 15) for Pd-based alloys, 2 mm 31) for Co-based alloys and 5 to 6 mm for Ti- 21) and Cu- 22, 23) based alloys. Thus, the glassforming ability evaluated from the maximum sample diameter decreases in the order of Pd > Zr > Mg > Ln > Ti = Cu = Fe > Ni = Co > Ca systems. It is important to clarify the reason and/or dominant factor for the significant difference in the maximum sample thickness, namely, glass-forming ability among the multi-component alloy systems.
Mechanical Properties-High Strength of New CuBased Bulk Glassy Alloys-
Before the general features of the mechanical properties for bulk glassy alloys are presented, it is important to describe the formation and high mechanical strength of new Cu-based bulk glassy alloys. Previously, there had been no data on the formation and properties of Cu-based bulk glassy alloys defined by Cu content exceeding 50 at%Cu. [1] [2] [3] [4] [5] Very recently, new Cu-based bulk glassy alloys with high tensile strength were found in very simple alloy systems of Cu-Zr-Ti 13, 61) and Cu-Hf-Ti.
61) The addition of small amounts of elements is expected to further increase the glass-forming ability and mechanical strength of these systems, as it has in number of previous cases involving Zr-, Fe-, Mg-, Ni-and Ti-based alloys. 62 ) Figure 14 shows the shape and outer surface morphology of Cu 60 Zr 29 Ti 9 Y 2 bulk glassy alloys with diameters of 3, 4 and 5 mm produced by copper mold casting. 22) All the rod samples have a smooth surface typical of glassy single phase alloys without crystallinity. The glass transition temperature (T g ), supercooled liquid region (∆T x = T x − T g ) and reduced glass transition temperature (T g /T l ) of the Cu-based bulk alloys are 700 K, 50 K and 0.63, respectively, and these values are independent of sample diameter up to 5 mm. The use of (T g /T l ) as reduced glass transition temperature, which is also expressed as (T g /T m ) in Fig. 1 , is based on the recent report 61) Table 5 Maximum thickness (t max ) and critical cooling rate (R c ) of bulk glassy alloys. that glass-forming ability is more closely related to (T g /T l ) rather than (T g /T m ). Considering the previous data 63) that the maximum sample diameter of Cu 60 Zr 40 binary glassy alloy is less than 1 mm, the multiplication of alloy components by appropriate elements is extremely effective in increasing glassforming ability and stabilizing supercooled liquid. Figure 15 shows the stress-elongation curves in compressive and tensile deformation modes for the bulk glassy Cu 60 Zr 30 Ti 10 alloy. 61) Although no distinct plastic elongation is seen in the tensile deformation mode, the Cu-based bulk alloys exhibit a plastic elongation of about 1%. The Young's modulus (E), yield strength (σ y ), elastic elongation (ε e ), tensile fracture strength (σ t,f ), compressive fracture strength (σ c,f ) and compressive fracture elongation (ε c,f ) are in the range of 110 to 114 GPa, 1745 to 1785 MPa, 1.5 to 2.0%, 2000 to 2130 MPa, 2000 to 2150 MPa and 3.0 to 3.4%, respectively. It is apparent that the tensile and compressive fracture strength exceed to a significant degree 2000 MPa and are much higher than those for the conventional Zr-based bulk glassy alloys. The fracture in the tensile deformation mode occurs along a maximum shear plane which is declined by 45 to 55 degrees to the direction of applied load and the fracture surface consists mainly of a well-developed vein pattern. The characteristics of the deformation and fracture modes are identical to those for the ordinary bulk glassy alloys with good ductility, being independent of strength level.
Alloy system t max /mm
With the aim of investigating the mechanism for the high tensile strength of the Cu-based bulk glassy alloys, the relation between the tensile fracture strength (σ t,f ) and T g or T l are shown in Fig. 16 , 61) where the data on Zr-Al-Ni-Cu bulk glassy alloys are also shown for comparison. A good linear relation between them is apparent. There is a clear tendency for σ t,f to increase with increasing T g or T l . It is generally known that the T g and T l are dominated by the bonding forces among the constituent elements. Consequently, the high mechanical strength of the Cu-based bulk glassy alloys is due to the stronger bonding force among the constituent elements as compared with those for the Zr-based glassy alloys. From the linear relation, the tensile fracture strength is expressed by the following relation, i.e., σ t,f = −3.35 × 10 3 + 7.47T g and σ t,f = −1.93 × 10 3 + 3.34T l . For a deeper understanding of the strength mechanism, it would be useful to investigate whether or not these relations are satisfied for all bulk glassy alloys reported to date. Figure 17 summarizes the relation between Young's modulus (E) and tensile fracture strength (σ t,f ) or Vickers hardness (H v ) for typical bulk glassy alloys for which tensile fracture strength values have previously been reported. 61) The data for conventional crystalline alloys are also shown for comparison. It can be seen that the tensile fracture strength and hardness have a linear relation with Young's modulus. A similar linear relation is also evident for ordinary crystalline alloys, but the slope of the linear relation for the bulk glassy alloys is much steeper than that for the ordinary crystalline alloys, indicating clearly that the fundamental mechanical properties of the bulk glassy alloys are significantly different from those for the crystalline alloys. It can also be seen that the scattering of the data from the linear relation is much smaller for the bulk glassy alloys than for the crystalline alloys. The much better linearity is attributed to the formation of an ideally ho- Fig. 16 Relation between the tensile fracture strength (σ t,f ) and T g or T l for the high tensile strength Cu-based bulk glassy alloys, together with the data on Zr-Al-Ni-Cu bulk glassy alloys. mogenized solid solution over the whole composition range, something which can be regarded as one of the typical characteristics of glassy alloys. From these relations, it is concluded that the mechanical properties for the bulk glassy alloys have the features of much higher tensile strength and much lower Young's modulus. The difference in these values between the glassy and crystalline alloys is as large as 60%. The linear relations are also expressed as follows; σ t,f = 0.02E, and H v = 0.06E/9.8. The slope value of approximately 0.02 corresponds to an elastic strain limit and hence the glassy alloys can have a much larger elastic strain. The significant difference in the mechanical properties is thought to be a reflection of the difference in the deformation and fracture mechanisms between bulk glassy and crystalline alloys. 61) Finally, it is important to point out that the Cu-based bulk glassy alloys have the highest tensile strength among all bulk glassy alloys and the strength level is about two times higher than the highest tensile strength of conventional Cu-based crystalline alloys.
In addition to the high static mechanical strength, the Zrbased bulk glassy alloys exhibit high Charpy impact fracture energies ranging from 110 to 140 kJ/m 2 and high fracture toughness of 60 to 70 MPa · √ m. 64) Furthermore, the fatigue endurance limit defined by the ratio of maximum applied stress (σ max ) to tensile fracture strength (σ t,f ) has been reported to be about 0.25 for the Zr 65 Al 10 Ni 10 Cu 15 and Pd 40 Cu 30 Ni 10 P 20 bulk glassy alloys under the three-point bending and the rotating-beam bending fatigue test conditions at room temperature.
65) The fatigue limit is nearly the same as those for ordinary crystalline alloys. Considering that the tensile fracture strength of the bulk glassy alloys is about double that of the crystalline alloys, the fatigue endurance stress level is also much higher for the bulk glassy alloys. The propagation velocity of fatigue cracks (da/dn) under the rotatingbeam bending load for the Zr 60 Al 10 Ni 10 Cu 20 bulk glassy alloy is shown as a function of the ratio of effective stress intensity factor to Young's modulus (∆K eff /E) in Fig. 18 . 66) A good linear relation is evident between these properties, indicating that the fatigue crack propagation velocity can be estimated from the values of ∆K eff and E. Furthermore, the crack propagation behavior is in agreement with ordinary carbon steels and appears to be independent of structure. Consequently, it may be concluded that the difference in glassy and crystalline structures does not play a dominant role in the propagation velocity of fatigue cracks, though the deformation and fracture behavior under a uni-axial applied load is significantly different from those for crystalline alloys.
Because of their good mechanical properties and high reliability, Zr-based bulk glassy alloys have already been used in the manufacture of sporting goods 67, 68) and Pd-based alloy systems as die and electrode materials. 64) Furthermore, success in creating new cost effective Cu-based bulk glassy alloys with much higher tensile strength and good ductility 61) is promising for their future application as high-strength materials.
Soft Magnetic Bulk Glassy Alloys in Fe-and Co-based Systems
Since the first synthesis of Fe-based bulk glassy alloys in an Fe-(Al, Ga)-P-C-B system in 1995, 11) a number of bulk glassy alloys have been developed over the last five years. Table 6 summarizes the alloy systems in which bulk glassy Fe-and Co-based alloys with diameters above 1 mm have been formed by the copper mold casting method. 69) As typical Fe-based bulk glassy alloys, one can see the following four basic types consisting of Fe-(Al and/or Ga)-P-C-B, 70) Fe-(Zr, Hf, Nb and/or Ta)-B, 71) Fe-Co-Ln-B 72) and Fe-(Cr, Mo and/or Nb)-B-C. 73) As is the case for bulk glassy alloys in the other alloy systems, the glass-forming ability of these Febased alloys is expected to be improved by the addition of a small amount of elements. The maximum diameter of the Febased bulk glassy alloys has been reported to reach 5 to 6 mm for the Fe-(Zr, Hf, Nb)-(Cr, Mo, W)-B based system. 60) Table 7 summarizes the advantages and disadvantages for soft magnetic properties, comparing the soft magnetic properties of Fe-and Co-based amorphous alloys with a maximum sample thickness of about 30 µm. 74) Advantages to note are (1) much higher glass-forming ability leading to the formation of thicker sheets and plates, larger diameter wire and thick ring, (2) higher electrical resistivity of 220 to 250 µ cm at room temperature, (3) more homogeneous glassy structure without clusters for crystal nucleation, (4) appearance of a large supercooled liquid region before crystallization, (5) lower coercive force of 0.2 to 4 A/m, (6) higher initial perme- Table 7 Advantages and disadvantages of soft magnetic properties, comparing the soft magnetic properties of Fe-and Co-based amorphous alloys with a maximum sample thickness of about 30 µm. 74) Advantages Disadvantages
(1) much higher glass-forming ability (1) higher materials cost (2) higher electrical resistivity (2) lower saturated magnetic flux density (3) more homogeneous glassy structure (4) appearance of a large supercooled liquid region (5) lower coercive force (6) higher initial permeability (7) intentional arrangement of domain wall structure (8) better high-frequency permeability (9) good micro-forming ability (10) warm consolidation into a highly dense bulk form Fig. 19 I-H hysteresis loop of the cast ring-shape Fe-based glassy alloy, 75) together with the data on the similar ring-shape alloy made by stacking the melt-spun ribbons with a thickness of about 0.02 mm.
ability, (7) intentional arrangement of domain wall structure caused by the control of casting and/or cooling conditions, (8) better high-frequency permeability, (9) good micro-forming ability in the supercooled liquid region, and (10) warm consolidation into a highly dense bulk form. On the other hand, the disadvantages are (1) higher materials cost due to the necessity of using special solute elements to obtain an increase in glass-forming ability, and (2) lower saturated magnetic flux density due to the addition of larger amounts of solute elements. In particular, the lower saturated magnetic flux density for soft magnetic glassy alloys is a serious obstacle to future use in power transformers. Consequently, a great deal of time and effort have been devoted to increasing the saturated magnetic flux density, though there exists a trade-off relation between the decrease in the solute contents for an increase in saturated magnetic flux density and the increase in the solute content for an increase in glass-forming ability.
Here, some of the evidence supporting the advantages of soft magnetic glassy alloys will be cited. Figure 19 shows the I -H hysteresis loop of the cast ring-shape Fe-based glassy alloy, 75) together with the data on the similar ring-shaped alloy made by stacking the melt-spun ribbons with a thickness of about 0.02 mm. The ring sample has a thickness of 1 mm, an outer diameter of 10 mm and an inner diameter of 6 mm. It can be seen that the bulk-ring shape alloy has a lower coercive force of 2.2 A/m and a much higher initial maximum permeability of 110000 even in the as-cast state. Based on the observation results of domain wall structure for these samples, it has been conjectured that the much better soft magnetic properties for the cast ring-shape alloy are due to the well-arrayed domain wall structure in which the domain wall is arrayed in the circumferential direction. It was demonstrated that subsequent annealing treatment of the ring-shape sample caused a further increase in initial permeability to 180000 accompanied by a decrease in coercive force to 1.0 A/m. As is the case for initial permeability, the soft magnetic glassy alloys exhibit much better high-frequency permeability such as 6000 to 7000 at 1 MHz, as shown for Co-Fe-Nb-B and Co-Fe-ZrTa-B alloys in Fig. 20. 76) It can be seen that the frequency permeability of the glassy-type alloy exceeds those for Fe-and Co-based amorphous alloys over the whole frequency range. The good high-frequency permeability is due to the combination of low coercive force resulting from the homogeneous glassy structure and low eddy current loss resulting from high electrical resistivity. Further increases in electrical resistivity and decreases in the sample thickness are expected to bring about even better high-frequency permeability characteristics. Although the ferromagnetic glassy alloy has the disadvantage of lower saturated magnetic flux density, the disadvantage has been significantly suppressed by fine adjustment of alloy components. Table 8 summarizes soft magnetic properties of Fe-Co-Ln-B (Ln = lanthanide metals) glassy alloys, together with thermal stability data.
72) The best combination of 1.53 T for saturated magnetic flux density (I s ), 4.03 A/m for coercive force (H c ), 12700 for effective permeability (µ e ) at 1 kHz and 23.5 × 10 6 for saturated magnetostriction (λ s ) is obtained for Fe 71.5 Nd 3 Dy 0.5 B 25 glassy alloy subjected to annealing for 600 s at 773 K. The I s value is comparable to those for conventional Fe-based amorphous alloys. In addi- tion, the Fe-based alloy also has a distinct glass transition and a large supercooled liquid region of 56 K before crystallization. Consequently, it is very likely that further improvements to the soft magnetic properties will allow the practical use of glassy-type alloys as soft magnetic materials.
Corrosion Resistant Bulk Glassy Alloys
Since 1995, Fe-based bulk glassy alloys have been developed in various alloy systems in which the features of the alloy components have been divided into the above-described four types. It has been reported that good soft magnetic properties are obtainable for three types of alloys, i.e., Fe-(Al or Ga)-P-C-B, 70) Fe-(Zr, Hf, Nb, Ta)-B 71) and Fe-Co-Ln-B.
72) This is reminiscent of another Fe-based bulk glassy alloy, the Fe-(Cr, Mo)-(C, B, P) system. 73) The largest supercooled liquid region of 58 K as well as high reduced glass transition temperature above 0.60 is obtained in the vicinity of Fe 43 Cr 16 Mo 16 C 15 B 10 , and a suitable choice of alloy composition has enabled us to form bulk glassy alloys with diameters up to about 3 mm. 77) Figure 21 shows the relation between anodic current density and potential in 6N HCl at 298 K for glassy Fe 43 77) Even under this extremely severe corrosive environment, these bulk glassy alloys exhibit passive behavior, indicating that they have high corrosion resistance. The resistance is considerably higher for the P-containing bulk alloy. We have also confirmed that the corrosion loss in 6N HCl at 298 K is about 10 5 times larger for type 304 stainless steel than for the Pcontaining bulk glassy alloy. 77) These results indicate that the corrosion resistance is good enough to use the Fe-based bulk glassy alloys as practical corrosion resistant materials.
Working and Welding in the Supercooled Liquid Region
It has generally been recognized that a large supercooled liquid region is observed for all bulk glassy alloys. [3] [4] [5] Figure  22 shows the relations among the supercooled liquid region before crystallization, ∆T x (= T x − T g ), R c and t max for various bulk glassy alloys. 78) It is clear that a strong correlation exists and the increase in ∆T x causes a decrease in R c and an increase in t max , though the correlation is weaker when compared with the relation among T g /T m , R c and t max shown in Fig. 1 . In any event, all the bulk glassy alloys have a supercooled liquid region with a temperature interval ranging from 40 to 130 K. Figure 23 shows the relation between stress and strain rate at different temperatures including the supercooled liquid region for Zr 65 79, 80) Although the viscosity in the temperature range below T g decreases almost linearly with increasing strain rate, the viscosity in the supercooled liquid region remains constant in the low strain rate range, indicating that controlling deformation temperature and strain rate in the supercooled liquid region generate an ideal Newtonian flow for bulk glassy alloys. Under the deformation condition where Newtonian flow is obtained, we have also shown that a linear relation exists between true stress and strain rate and the slope corresponding to the strain rate sensitivity exponent (m-value) is found to be 1.0. 81) Thus, ideal superplastic behavior is achieved by controlling deformation condition in the supercooled liquid region. By utilizing the ideal superplasticity, we can obtain an extremely large elongation of 1.5 × 10 6 %, a very smooth outer surface on a nanoscale together with welding and joining between glassy alloy and stainless steel, as demonstrated in Fig. 24 .
82) The precise forming can also be performed in the supercooled liquid region for the glassy alloys. As a result, we can obtain small glassy gears with small diameters up to 0.2 mm and a thickness of 0.01 mm 83) as well as various imprinted patterns on micrometer and nanometer scales. 84) As examples, some imprinted patterns formed on the outer surface of Pd-based glassy alloys are shown in Fig. 25 . 84) Such imprinted patterns are also important for future application in the recording materials field. In addition to the above-described micro-forming treatments, it has been recognized that the bulk glassy alloy can keep a smooth outer surface on a fine scale of 2 to 3 nm even in the mechanically cut state. 85) Table 9 summarizes present and future application for the bulk glassy alloys. As described above, the bulk glassy alloys have various unique properties which are not obtainable in conventional crystalline alloys, in addition to the great advantages of direct formation of bulk alloys from liquid and the easy formation of variety of shapes while in the supercooled liquid region. Because of these unique advantages, the bulk glassy alloys have already been used as die materials (Pd-Cu-Ni-P alloys), sporting goods materials (Zr-Al-NiCu alloys) and electrode materials (Pd-Cu-Si-P alloys). Furthermore, Fe-based glassy alloys have reached the final stage of their development for application as soft magnetic materials for common mode choke coils. Success in this area will soon result in bulk glassy alloys becoming far more important in engineering. [3] [4] [5] Figure 26 summarizes new materials in science and technology produced from stabilized supercooled liquid. 49) The supercooled liquid has enabled us to study the formation, structure, properties, viscous flow forming and direct production techniques for bulk glassy alloys. In addition, we are now able to purposefully alter the properties of bulk glassy alloys, using the three empirical component "rules" for the stabilization of supercooled liquid. It has been confirmed when the alloy components are intentionally changed so as to deviate from the "rules", the resulting structure changes to bulk glassy alloys containing nanoscale crystalline 86) or quasicrystalline 87) particles and to a crystalline supersaturated solid solution 88) with nanograin sizes. It has also been shown that the change into a nanostructure improves various characteristics. Therefore, in the near future, studies on stabilized supercooled liquid and the resulting bulk alloys with a glassy single phase, nanocrystalline phase, nanoquasicrystalline phase and supersaturated solid solution with nanoscale grain size will become more and more significant for basic science and engineering applications. 
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